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1 Introduction

Coverage analysis and concepts for coverage improvement were discussed in the last meeting. A text proposal for TR 36.888 on coverage improvement [1] was approved by email, in which headings were listed for physical channels and signals but details need to be further provided. 
This contribution will analyze potential solutions for coverage improvement for physical channels and signals. The text proposal is also provided. 
2 Analysis of Physical Channels and Signals
Concepts for coverage enhancement listed in [1] may not be applicable for all physical channels or signals. For instance, repetitions, spreading and low rate coding could be used to boost PBCH coverage, but only repetitions could be applied to PRACH coverage improvement. 
Table 1 shows how the solutions for coverage enhancement may be applied to the various channels and signals. This section will discuss in detail how to improve coverage for PBCH, PRACH, PUCCH, as well as potential issues and possible solutions when repetitions are used to improve coverage for common messages (SIBs and paging). PSS/SSS, (E)PDCCH and PDSCH/PUSCH were discussed in [2] and [3] in RAN1#71. Reference signals could be improved by power boosting or new design that is provided in the text proposal directly. 
Table 1: Solutions for coverage enhancement for physical channels and signals
	Channels/Signals
Solutions 
	PSS/SSS
	PBCH
	PRACH
	(E)PDCCH
	PDSCH/

PUSCH
	PUCCH
	Reference Signals

	Power boosting
	x
	x
	x
	x
	x
	x
	x

	Relaxed requirement
	x
	
	x
	
	
	
	

	Design new channels/signals
	x
	x
	x
	x
	
	
	x

	Repetitions (1)
	
	x
	x
	x
	x
	x
	

	Low rate coding (2)
	
	x
	
	x
	x
	x
	

	Retransmission (3)
	
	
	
	
	x
	
	

	Spreading (4)
	
	x
	
	x
	x
	x
	

	TTI bundling/RLC segmentation
	
	
	
	
	x
	
	


(1): Repetitions occur with certain times without instruction of ACK/NACK feedback.

(2): Including low rate channel coding and/or rate mapping.

(3): Transmissions are conducted by ACK/NACK feedback.

(4): Spread with orthogonal sequences.

2.1 PBCH

The full set of coded bits of MIB is divided into four subsets, and each subset is transmitted in a different radio frame during the 40 ms transmission period. Only the eight most-significant bits of the SFN are carried in the PBCH because the remaining two bits are obtained from the scrambling sequences in the 40 ms periodicity. Since the subsets across any two periods have different MIBs (the SFN changes), it is difficult to improve PBCH coverage by prolonging the acquisition time despite the fact that PBCH is transmitted periodically. 
Power boosting can be used to improve coverage of PBCH by allocating more power to PBCH transmission. However, the amount of power boosting needs to take into account the cell-edge MTC UEs which have additional up to 20dB pathloss compared to the normal LTE UEs at the same region, even though there may be very few MTC UEs located in the cell edge. However, it may be inefficient to improve PBCH coverage to the required extent only by power boosting since many normal LTE UEs will not need coverage improvement. 
To retain the PBCH structure, repetitions can be used during the 40 ms period. However, many resources in the carrier center during 40 ms would be occupied for PBCH repetitions. Furthermore, PBCH coverage may not be improved to the required extent only by repetitions during the 40ms if there are not enough resources available. An alternative is to design a new physical broadcast channel (denoted xPBCH) that could have an extended period to exploit more available resources for repetitions or use low rate coding and/or spreading. Two examples are given below. 

1) xPBCH with a longer period
When extending the period from 40 ms to a larger value, say 80ms, the seven most-significant bits of the SFN only need to be carried on xPBCH, and the remaining three bits are obtained from the scrambling sequences. With a longer period, it is possible to exploit more available resources for repetitions, or mapping the longer coded symbols after using low rate coding or spreading. As depicted in Fig. 1, an example of a xPBCH with the 80 ms period and two repetitions during the period is shown. 
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Fig. 1: xPBCH and repetitions within a longer period
2) Merge PBCH and SIBs into xPBCH

MTC UEs may not need as many SIBs as legacy UEs, and also may need coverage enhancement for SIBs as well as PBCH. Hence, merging the PBCH and SIBs into xPBCH may be considered as well as designing reliable reception of xPBCH to carry some necessary system information primarily carried on the legacy SIBs. However, it depends on how many bits would be moved from legacy SIBs into xPBCH. If spare bits in the legacy PBCH are sufficient, then the xPBCH could keep the same structure as the legacy PBCH. Otherwise, the legacy PBCH structure cannot be applied to xPBCH, which would need a longer period. If xPBCH carrying a lot of system information bits results in a quite long period in order to improve coverage, it may be inappropriate to merge SIBs into xPBCH. 
2.2 PRACH
For random access, there may be a desire to simplify the legacy procedure during which four steps need to be completed before successful access. Otherwise, four messages transmissions need to be boosted for some MTC UEs located in severe pathloss environments. This section will discuss coverage improvement for PRACH or preamble transmissions, and leave the three other messages to be boosted by PDSCH/PUSCH for data and (E)PDCCH for DCI transmissions. 
Coverage for PRACH or preamble transmissions could be improved by power boosting, relaxed requirement, newly designed formats (as well as channels) and repetitions. 

1) Power boosting

Coverage measurement is based on MCL which for uplink is calculated on the basis of the UE transmitting by the maximum output power. Hence, power boosting for coverage improvement would require defining new higher UE output power classes, but power consumption will be correspondingly increased. Alternatively, increased power spectrum density can be attained by squeezing the preamble transmission from 6 PRBs into fewer PRBs. 
2) Relaxed requirement

PRACH coverage could be improved by loosening the detection threshold at eNB, which however may increase the false alarm probability, and need more downlink resources to transmit the random access response (RAR) which may address the false preamble transmission.
3) Design new formats (as well as channels)
Preamble formats 2 and 3 could benefit coverage compared to formats 0 and 1 due to a longer preamble sequence which is actually two repetitions of the sequence used in format 0 or 1. New preamble formats with an even longer sequence may further help improve coverage. However, such a solution may not be applicable to TDD systems, especially with the UL-DL configuration 5 in which only one UL subframe exists, or with the UL-DL configuration 2 of which there is only one UL subframe in each 5ms DL-to-UL switch-point periodicity. 
With new preamble formats, the eNB needs to differentiate the preamble transmissions of the legacy LTE UEs from that of the MTC UEs needing coverage improvement for backward compatibility or avoiding impacts on the legacy LTE UEs. One possible solution is using dedicated RACH resources, e.g., time and frequency resources (i.e., newly designed PRACH channels), preamble sequences, etc., for MTC UEs which need coverage improvement. In addition, two different preamble formats may need to be supported simultaneously when MTC UEs use a new format with a longer sequence and normal LTE UEs keep using the legacy formats for backward compatibility. 

4) Repetitions

Alternatively, the legacy preamble formats could be used but repeated to boost coverage. However, it is necessary to distinguish between the repetitions from the expected MTC UEs and the initial transmission from others. One possible solution is to predefine occasions including the starting subframe and available subframes used for repetitions with certain times. As depicted in Fig. 2 for example, the PRACH configuration index 13 [4] for FDD systems provides a total of 5 occasions in subframes 1, 3, 5, 7, and 9 for legacy preamble format 0 transmissions in each radio frame. If bundling two adjacent subframes together, from two adjacent frames there can provide 5 occasions in each of which preamble format 0 can be transmitted twice continually. 
Repetitions could be more flexibly used to both FDD and TDD systems, compared to new preamble formats with a longer sequence which may not be applicable to some UL-DL configurations for TDD systems. 
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Fig. 2: Repetitions of preamble format 0 in the predefined occasions
2.3 PUCCH
PUCCH carries scheduling request (SR), ACK/NACK or CSI through different formats. Formats 1b and 2b seem unnecessary for MTC UEs which may not need to support downlink transmission with two codewords. Format 3 capable of carrying more than 4 bits was introduced in Rel-10/11 to support CA, which may not be needed for MTC UEs with low data rate. ACK/NACK multiplexing or bundling for TDD systems is configured by higher layer. Bundling with better uplink coverage than multiplexing is more beneficial for MTC UEs, so format 1b with channel selection may not be needed which is only used when multiplexing is configured. 
The analysis below shows that for at least some cases some PUCCH formats are useful and should be enhanced.
a) SR
A UE in RRC connected state could request UL resources for UL data delivery by sending a SR on PUCCH by format 1 or 1a occupying the SR resource when UEs need to feedback ACK/NACK simultaneously. Otherwise, the UE could only initiate the contention-based random access procedure to request UL scheduling resources. In order to avoid SR transmission enhancement in PUCCH, the UE could get the UL grants after success in the random access procedure where four steps of the precedure need transmission enhancement. Furthermore, collisions of random access among MTC UEs will severely increase when replacing SR transmission on PUCCH by the random access procedure. Thus, it is more efficient to boost SR tranmission than four-step random access transmissions.
b) ACK/NACK

One of the traffic models for MTC is triggered reporting, in which UE receives a trigger command from eNB before reporting UL data. It may enable the UE to abandon ACK/NACK feedback and benefit the eNB to determine if UE correctly decoded the trigger command. If eNB receives UL data, then there is an ACK for the trigger; otherwise, eNB will retransmit the trigger command. 
However, not all DL transmissions are used for triggering reports. Some transmissions may include application data such as software update. In such scenarios, ACK/NACK is beneficial to conduct DL transmissions. Thus, it seems necessary to retain ACK/NACK on PUCCH by format 1a or 2a when UEs need to feedback ACK/NACK and CSI simultaneously, which may have better performance than PUSCH carrying ACK/NACK. 
c) CSI

With CSI feedback on PUCCH by format 2 or 2a in the case of simultaneous feedback with ACK/NACK, one benefit is selecting the best subband for coverage. 
Solutions to improve coverage of PUCCH include: 

· Defining new higher UE output power classes could help improve PUCCH (formats 1/1a/2/2a) coverage.  

· Reusing the ACK/NACK repetition mechanisms already supported in Rel-8/9/10 but extending the repetition factor will be helpful for PUCCH formats 1/1a/2/2a coverage improvement. PUCCH resources used for repetitions need to be primarily configured. 
· Using a lower rate coding and/or a longer orthogonal sequence could result in a lower data rate which benefits detection performance, so as to improve coverage for PUCCH formats 1a/2/2a. 
· In the case of MTC UEs with multiple transmit antennas, transmission diversity could be used to improve coverage for PUCCH formats 1/1a/2/2a. 
2.4 Common messages 

Common messages here indicate broadcast messages are received by all UEs in the same cell such as system information (SI) or a group of UEs such as paging. It has been mentioned above that SIBx could be considered to be merged into xPBCH, so that it only needs to improve the coverage for xPBCH. In addition, both SI and paging are carried on PDSCH, and solutions to improve PDSCH coverage are applicable to ensure SI or paging transmission performance. 
This section briefly discusses potential issues and possible solutions when repetitions are used to boost coverage for common messages.
1) SI

SIB1 has a period of 80 ms and is scheduled in subframe #5. The first transmission happens in the radio frame for which SFN mod 8 = 0, and repetition happens every two radio frames. Other SIBs with an identical period are encapsulated in an SI container and are scheduled in an SI-window. However, the subframe(s) of the SI-window bearing the SI are determined after a UE correctly detects if there exists a DCI scrambled by SI-RNTI. 
When using repetitions to boost coverage, it is necessary to predefine a fixed subframe set in which SI transmission is repeated, so as to make MTC UEs clearly know from which subframes they should combine the right repetitions.
2) Paging

From the system perspective, subframes {0, 4, 5, 9} for FDD and {0, 1, 5, 6} for TDD are used for paging transmissions. For each specific UE, the paging occasion (PO) is one of the above mentioned subframes where there may be P-RNTI addressing the paging message, and the paging frame (PF) is determined by UE-specific identity and paging DRX cycle as well as other parameters configured by system. 
When using repetitions to boost coverage, it is also necessary to predefine additional POs and/or PFs used for paging repetitions. It is of note that the predefined additional POs and/or PFs should avoid collision with the ones in which the paging for legacy or normal MTC UEs without the need of boosting coverage will be transmitted, because the pagings for different UEs with an identical PF and PO may be scheduled together by a single DCI scrambled by P-RNTI. For this intent, eNB needs to differentiate the MTC UEs requiring coverage improvement from the legacy or normal MTC UEs. 

Repetitions in physical layer process to boost coverage for common messages will impact high layer specifications. 

3 Conclusion
Solutions for boosting coverage are analyzed for PBCH, PRACH and PUCCH in this contribution. A text proposal for solutions to boost coverage for physical channels and signals is provided, including these channels and others analyzed in RAN1#71. 
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9.5 Analysis of Physical Channels and Signals
Some solutions for coverage enhancement for physical channels and signals are summarized in Table 9.5-1, in which x denotes a solution can be applied to a channel or signal.

Table 9.5-1: Solutions for coverage enhancement for physical channels and signals
	Channels/Signals
Solutions 
	PSS/SSS
	PBCH
	PRACH
	(E)PDCCH
	PDSCH/

PUSCH
	PUCCH
	Reference Signals

	Power boosting
	x
	x
	x
	x
	x
	x
	x

	Relaxed requirement
	x
	
	x
	
	
	
	

	Design new channels/signals
	x
	x
	x
	x
	
	
	x

	Repetitions (1)
	
	x
	x
	x
	x
	x
	

	Low rate coding (2)
	
	x
	
	x
	x
	x
	

	Retransmission (3)
	
	
	
	
	x
	
	

	Spreading (4)
	
	x
	
	x
	x
	x
	

	TTI bundling/RLC segmentation
	
	
	
	
	x
	
	


(1): Repetitions occur with certain times without instruction of ACK/NACK feedback.

(2): Including low rate channel coding and/or rate mapping.

(3): Transmissions are conducted by ACK/NACK feedback.

(4): Spread with orthogonal sequences.

Note: Solutions in physical layer process to boost coverage, such as repetitions for common messages (SIBs and paging), will impact high layer specifications and need to be considered. 

9.5.1 PSS/SSS
One potential benefit of the periodic transmission of the PSS/SSS is that UE can improve detection performance by combining multiple PSS/SSS. For MTC UEs located in the extreme environments with up to additional 20dB pathloss relative to normal LTE UEs, coverage for PSS/SSS could be improved to some extent by:

· Power boosting: Allocate more power to PSS/SSS transmissions with the penalty of wasting power for a network serving normal LTE UEs which may not need to boost PSS/SSS coverage. 

· Relaxed requirement: Prolong acquisition time at the cost of relaxing the synchronization requirement defined in RAN4, but it has the benefit of no impact on the performance of normal LTE UEs in the systems. 
· Design new PSS/SSS: Design a new longer sequence. More resources are accordingly needed to map the new designed PSS/SSS sequences. 
9.5.2 PBCH
Since PBCH has different MIBs (the SFN changes) across any two periods, it is difficult to improve PBCH coverage by prolonging the acquisition time even though PBCH is transmitted periodically. 

Solutions for PBCH coverage enhancement include:

· Power boosting: Allocate more power to PBCH transmissions with the penalty of wasting power as many normal LTE UEs may not need PBCH coverage improvement. 
· Design a new physical broadcast channel (xPBCH): The xPBCH could be designed with a longer period compared to PBCH. Alternatively, xPBCH could also be designed to carry some necessary system information which is primarily carried on the legacy SIBs. 
· Repetition or low rate coding or spreading: Repetitions can happen during the 40 ms period. Otherwise, repetitions can occur in a longer period designed for a new physical broadcast channel xPBCH. Low rate coding and/or spreading could not reuse the legacy PBCH structure. 
9.5.3 PRACH
The followings may help improve PRACH coverage: 
· Power boosting: Define new higher UE output power classes. MTC UEs transmit preambles at a higher output power than 23dBm. Alternatively, boosting power spectrum density can be attained by squeezing preamble transmission from 6 PRBs into fewer PRBs.
· Relaxed requirement: Loosen the detection threshold at eNB, which may increase the false alarm probability, and need more downlink resources to transmit the RAR which may address the false preamble transmission. 
· Design new preamble formats (and channels): New preamble formats with a longer sequence may help improve coverage, just as format 2 or 3 has a larger coverage footprint than format 0 or 1. Dedicated time and frequency resources (i.e., newly designed PRACH channels) for new formats may be needed for MTC UEs. Two different preamble formats may need to be supported simultaneously for backward compatibility or avoiding impacts on normal LTE UEs. However, new preamble formats may not be applicable to some UL-DL configurations in TDD systems.
· Repetitions: Legacy preamble formats could be transmitted repeatedly in predefined occasions. It is necessary to differentiate repetitions of the expected MTC UEs from the initial transmission from others. Thus, preambles transmission from different UEs will start from the same subframe and repeat with the identical times in the predefined occasions. 
9.5.4 (E)PDCCH
Since EPDCCH is UE-specific, it may be easier to modify for improving coverage than PDCCH. Solutions to improve PDCCH coverage would unavoidably impact the legacy UEs. 

The followings could help improve coverage:

· Power boosting: It could be possible to boost amount of power needed for EPDCCH with the restriction of the maximum output power of eNB according to the UE-specific pathloss. However, power boosting to PDCCH may be impractical due to severe inter-cell interference. 
· Design new channel: New design here indicates using a compact DCI and/or increasing the aggregation level.
· Compact DCI: The payload will be decreased by using compact DCI. 

· Increasing aggregation level: Using higher aggregation level is beneficial to improve coverage. However, the maximum allowable aggregation level in one subframe is limited by the available resources and impacted by channel estimation. 
· Repetition or low rate coding or spreading:  Low rate coding means using a lower code rate than 1/3 as defined in TS 36.212. Actually, whichever is used, it eventually results in a lower data rate that is helpful to improve coverage. In the repetition solution, MTC UEs should obtain the prior knowledge of the starting subframe and the number of repetitions, so as to properly combine the repetitions. In the spreading solution, if multiple orthogonal sequences are used to identify UEs, the UE implmentation will be more complicated due to despreading. 
9.5.5 PDSCH / PUSCH
Data rate and power spectral density are key factors impacting data channel coverage, so it is possible to improve coverage by lowering the effective data rate and boosting power spectral density. There are some common solutions with some differences or impacts with respect to boosting coverage for PDSCH and PUSCH:

· Power boosting: For PDSCH, it is obtained by borrowing power from other UEs. For PUSCH, it is implemented by concentrating the maximum output power on a narrower bandwidth or defining new higher output power classes. 
· Repetition or low rate coding or retransmission or spreading: Low rate coding represents lower rate turbo coding and/or lower rate mapping. Repetition, retransmission, and/or spreading could result in a lower effective data rate as well. Spreading can be used to PUSCH as what is done to PUCCH. However, for spreading in PDSCH, if multiple orthogonal sequences are used to identify UEs when multiplexing identical resources, extra processing is needed for MTC UEs compared to legacy LTE UEs. 
· TTI bundling/RLC segmentation: Extending the bundle size for PUSCH supported already in Rel-8/9/10 and using RLC segmentations could further improve PUSCH coverage. TTI bundling and/or RLC segmentation could also be used to boost PDSCH coverage. 
9.5.6 PUCCH

Formats 1b and 2b seem unnecessary for MTC UEs which may not need to support downlink transmission with two codewords. Format 3 capable of carrying more than 4 bits was introduced in Rel-10/11 to support CA, which may not be needed for MTC UEs with low data rate.

The followings may be helpful to improve PUCCH (some formats) coverage:

· Power boosting: Define new higher UE output power classes to improve coverage for PUCCH formats 1/1a/2/2a. 
· Repetition: Reuse the ACK/NACK repetition mechanisms already supported in Rel-8/9/10 but extending the repetition factor for PUCCH formats 1/1a/2/2a. PUCCH resources used for repetitions need to be primarily configured. 
· Low rate coding or spreading: Using a lower rate coding and/or a longer orthogonal sequence could result in a lower data rate which benefits detection performance, so as to improve coverage for PUCCH formats 1a/2/2a. 
· In the case of MTC UEs with multiple transmit antennas, transmission diversity could be used to improve coverage for PUCCH formats 1/1a/2/2a. 

9.5.7 Reference signals
Reference signals including CRS, CSI-RS, SRS, and DMRS are used to measure channel state information or perform channel estimation for demodulation. The reference signals experience similar severe pathloss as the physical channels. 

If relative accurate CSI feedback based on the reference signals is expected to conduct transmissions, or if relative accurate channel estimation is expected to improve data channels performance, it is necessary to consider coverage enhancement to reference signals. 

The followings may be helpful: 

· Power boosting: Increasing downlink reference signals EPRE could compensate pathloss to some extent. However, the MTC UEs requiring coverage compensation are usually located in the cell edge. The increased CRS EPRE may not only bring the penalty of wasting power for a network serving normal LTE UEs which may not need coverage improvement, but also cause severe inter-cell interference. For SRS and uplink DMRS, power boosting could be carried out by concentrating the output power on a narrower bandwidth or defining new higher output power classes. However, narrower bandwidth probing increases time to complete sounding the entire uplink bandwidth.
· Design new signals: New design here means designing new reference signal patterns with increased reference signal REs densities. It is expected that reference signals with increased densities could provide more accurate channel estimation or frequency tracking.
---------------------------------------------------End text proposal-----------------------------------------------------
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